Abstract Arctic charr, Salvelinus alpinus (L.), occur as anadromous, resident, and landlocked populations within their circumpolar distribution. While resident Arctic charr reside in freshwater their entire life, anadromous Arctic charr migrate to sea in the summer due to the increased resource availability, but return to freshwater to overwinter and/or spawn. The migratory behaviour in Arctic charr is generally restricted to the northern range of their distribution area. The objective of this study was to estimate the amount of straying and contemporary gene flow among anadromous Arctic charr from eight river systems in northern Norway to illuminate the role of straying for the contemporary genetic stability of the populations. The results revealed that Arctic charr frequently stray among watercourses, especially among those in close geographical proximity, although strays were found nearly 500 km from their river of origin. While straying was revealed among six river systems, the results also revealed limited or no contemporary gene flow among the nine populations identified in the eight sampled river systems. The study also shows that Arctic charr may be a potential host for spreading diseases and parasites among watercourses.
Introduction
The Arctic charr, Salvelinus alpinus (L.), has a Holarctic distribution and demonstrates tremendous ecological plasticity, showing various life-history adaptations to harsh environments (Svenning & Gullestad, 2002; Klemetsen et al., 2003; Svenning et al., 2007) . Migratory behaviour, one aspect of their complex life history, is generally restricted to the northern part of their distribution areas (Dempson & Kristoffersen, 1987) . In Norway, migratory (anadromous) populations are only present in northern Norway, i.e. north of 65°N (Klemetsen et al., 2003) , where the species may coexist with Atlantic salmon (Salmo salar) and brown trout (Salmo trutta).
Anadromy in Arctic charr is different from anadromy
Electronic supplementary material The online version of this article (doi:10.1007/s10750-016-2905-5) contains supplementary material, which is available to authorized users.
in Atlantic salmon, because (1) both sexually mature and immature fish perform seasonal migrations between river systems and coastal areas (Nordeng, 1983; Johnson, 1989) , and (2) all migrants, including juvenile fish, return to freshwater every year (Klemetsen et al., 2003) . Arctic charr return earlier to freshwater and stay there during the winter, while brown trout (S. trutta) can make winter migrations to the sea (Klemetsen et al., 2003) .
The sea residence of anadromous Arctic charr is restricted to coastal areas and lasts for only 6-8 weeks (Mathisen & Berg, 1968; Svenning et al., 1992; Rikardsen et al., 1997; Jensen et al., 2015) . From a study in the Vardnes watershed (northern Norway), Mathisen & Berg (1968) reported that Arctic charr increased their weight, on average, from 195.7 to 374.3 g, which equals an increase in weight by more than 90% during the few weeks of sea sojourn. However, less than 30% of descending first-time migrants of Arctic charr ascended the Vardnes River again the same year (Berg & Jonsson, 1990 ). These results were fairly similar to results reported from a long-term study in the Talvik watershed (northern Norway), where Jensen et al. (2015) estimated the average annual survival rates of anadromous Arctic charr during a fourteen-year period as being 32%.
Arctic charr exhibit partial migration, i.e. anadromous (migratory) and resident (non-migratory) fish often coexist within the same river system (Jonsson & Jonsson, 1993) , although the relative abundance of anadromous versus resident individuals (degree of anadromy), may vary greatly among watersheds (see Kristoffersen et al., 1994 and references therein) . An advantage of migration is the access to better feeding opportunities (Gross et al., 1988) , allowing increased body size and fecundity (Jonsson & Jonsson, 2011) . Since egg size increases with the size of the parents, viability and offspring growth will probably also benefit from migratory behaviour (Hutchings & Myers, 1988) . In contrast, anadromous behaviour in Arctic charr will certainly mediate increased mortality, compared to residency (Rikardsen et al., 1997) . Thus, Arctic charr living in watersheds with access to the sea may adopt one of two life-history strategies, i.e. either spending their whole life in freshwater as a resident fish or adopting an anadromous life strategy migrating out to the sea in summer and returning to freshwater to overwinter and/or spawn (Svenning & Gullestad, 2002) . In some systems individuals may alternate between strategies, where some large formerly resident individuals may transform to anadromy (Radtke et al., 1996; Svenning & Gullestad, 2002) . When anadromous Arctic charr are at sea, they may visit single or multiple non-native rivers in years before returning to the native river for spawning (Jensen & Rikardsen, 2012; Moore et al., 2013) . The two life-history strategies are both influenced by environment and inheritance (Jonsson & Jonsson, 2011) , and are controlled by developmental thresholds (Dodson et al., 2013) .
As in other salmonids, anadromous Arctic charr are renowned for their precise homing to their natal watershed (see Klemetsen et al., 2003 and references therein) , which is fundamental to their life histories. Straying is typically defined as adult migration toand attempted reproduction at-non-natal sites (Quinn, 1993) , and it is supposed to increase with the time the fish stay away from their natal watershed, partly due to a greater chance of navigation errors (see Jonsson & Jonsson, 2011) . Still, the straying rate of brown trout, residing in sea for only one to 4 months every summer, seems to be the same magnitude as for Atlantic salmon that may ascend their natal rivers after several years (Jonsson & Jonsson, 2011) . Although anadromous Arctic charr usually spend less than 2 months at sea each summer and the distance travelled during the sea residence appears to be fairly short (Svenning et al., 1992; Rikardsen et al., 1997; Jensen et al., 2015) , several tagging studies have revealed that the species still may ascend several rivers (Berg & Jonsson, 1989; Jensen et al., 2015) . Of the anadromous Arctic charr tagged by Jensen & Berg (1977) descending the Vardnes River, most freshwater catches ([60%) from fishermen were reported from other rivers, and several fish were even caught more than 500 km from Vardnes River. Thus, not every individual in anadromous Arctic charr populations returns to their natal watersheds (see Jonsson & Jonsson, 2011) and an ultimate consequence of their straying behaviour may be gene flow between populations, especially among populations from adjacent watersheds. Although older and mature charr stray less than younger and non-breeding individuals (Jonsson & Jonsson, 2011) , there is very little information about the potential gene flow among populations (see Moore et al., 2013) . Strays may be immature, fail to breed with the local populations, or have lower overall reproductive success when they interbreed (Keefer & Caudill, 2014) . Therefore, the straying rates may be much higher than the actual gene flow.
The objective of the study was to estimate the number of strays and amount of gene flow among anadromous Arctic charr from eight river systems in northern Norway, located from 66 to 71°N (geographical distances varying from ca 60 to 1,000 km, Fig. 1 ), in order to illuminate the consequence of the alternative behaviours for maintenance of local gene pools in rivers. One resident (non-migratory) population was included as a control. We expected that straying that did not lead to gene flow between two specific river systems indicated that the fish were locally adapted to their river of origin. If Arctic charr migrates between river systems and spawn in non-native rivers, it would suggest that several neighbouring rivers may share the same gene pool. Thus, the hypotheses of the study were: (1) Strays are more likely to origin from adjacent localities; (2) Dispersal/straying does not necessarily result in gene flow.
Materials and methods

Study area and sampling
Arctic charr were sampled in eight watersheds throughout the distributional range (66-71°N) of anadromous populations of Arctic charr in northern Norway (Fig. 1) . One of the watersheds, Tromvikvatn, was included as a reference sample for the estimates of contemporary gene flow and first-generation migrants, as residency has been reported as the only life strategy of Arctic charr in this river system . All watersheds had one lake and one outlet river, hereafter called river systems or rivers, in which Arctic charr are spawning in the lake (Svenning et al., 2013) . The eight river systems varied in altitude from 3 to 51 m above sea level, while the distance from the sea to the lake varied from 0.3 to 3.9 km (Svenning et al., 2013) . There were no waterfalls in any of the outlet rivers and Arctic charr are thought to migrate easily between the lakes and the sea.
In all lakes, fish were sampled from mid-September to mid-October. The period was chosen because anadromous Arctic charr have returned to freshwater by this time Kristoffersen et al., 1994) . Fish were caught with monofilament gill nets ranged from 10 to 45 mm bar-mesh. All fish sampled were measured (fork length) to the nearest millimetre, weighed to the nearest gramme, and then dissected. Fish were classified with respect to sex, maturity, and colour of flesh. Sagittal otoliths were removed from the fish and preserved in 96% ethanol to which a small amount of glycerol had been added. Otolith analyses, including preparation and reading, were performed as described in Svenning et al. (1992) .
Marine parasites can be used to differentiate anadromous Arctic charr from resident Arctic charr (Kennedy, 1977; Black, 1981; Dick & Belosevic, 1981; Dick, 1984; Bouillon & Dempson, 1989; Kristoffersen et al., 1994) . In the present study, three different marine parasites were found on Arctic charr; nematodes of Anisakis sp., larvae of Cryptocotyle lingua, often seen as black spots caused by the fish response to a larval invasion (see Sinderman & Farrin, 1962) , and the ectoparasite Lepeophtheirus salmonis (sea lice), often observed on the head/neck of the fish (Finstad, 1993) . According to Kennedy (1977) , Anisakis sp. survive for months in anadromous fish after their return to freshwater, thus their presence on the sampled fish (often seen on the liver) was used to categorize the fish as an anadromous individual. Further, we also used the small black spots that result from melanin accumulation around the dermal cysts of Table 1 C. lingua as proof of infection (see Kristoffersen, 1988) . Sea lice cannot survive in freshwater, and anadromous charr will most probably lose these parasites only a few days after their return to freshwater (McLean et al., 1990) . But since sea lice often cause characteristic black marks (diameter about 3-5 mm) or bite marks on the skin of the fish (Finstad, 1993) , we used such black marks on the Arctic charr as an indication of earlier infection, i.e. that the fish had been exposed to sea water the last summer (see Kristoffersen et al., 1994) . Although all Arctic charr with marine parasites may be categorized as anadromous fish, not all fish are infected, or infected fish may not be recognized. According to Nordeng & Knivestøen (1985) and Kristoffersen et al. (1994) , mature anadromous Arctic charr in northern Norway are more than 25-30 cm in length. Therefore, mature Arctic charr longer than 30 cm that was not infected with marine parasites, were also categorized as anadromous individuals in this study. Thus, adipose fin tissue from all Arctic charr with the presence of marine parasites or recognizable bite marks of parasites ( Fig. 2 ; n = 370), plus all mature individuals above 30 cm (without sign of marine parasites; n = 16), were prepared for the genetic analyses.
Genetic analyses DNA was extracted using E-Z96 Tissue DNA Kit (OMEGA Bio-tek Ò ) following the instructions provided by the manufacturer. Out of the 386 individuals initially extracted, only samples from 370 individuals had the necessary DNA quality for the subsequent genetic analyses (Table 1) . Thirteen microsatellite loci were amplified in three multiplex polymerase Table 1 ) without (n = 441; upper panel) and with (n = 370; lower panel) marine parasites Details shown are the locus, the multiplex panel in which the locus was amplified (Panel), the label of the forward primer for the subsequent discrimination of alleles (Flp), the observed range of allele sizes (Size), the concentration of each primer pair in the multiplex (Conc), and the reference to the source of the loci (Ref) Hydrobiologia (2016) 783:269-281 273 chain reactions (PCR) using forward labelled primers ( Table 2 ). The PCRs consisted of 1.25 ll QIAGEN Ò Multiplex PCR Master Mix, 0.25 ll primer mix (multiplex panel Sal_Mp1, 2, or 3), 0.5 ll water, and 5-10 ng template DNA. The general PCR profile for all multiplex reactions was: 95°C for 15 min followed by 25 cycles of 94°C for 30 s, Ta for 3 min, and 72°C for 1 min, with a final 60°C extension for 30 min, where Ta were 60°C, 55°C, and 58°C for Sal_Mp1, 2, and 3, respectively. The PCR products were separated on an ABI 3130XL Automated Genetic Analyzer (Applied Biosystems) using LIZ500 as internal standard and the alleles were scored using the GeneMapper 3.7 software (Applied Biosystems). Each genotype was automatically binned in predefined allelic bins by the GeneMapper software and verified by visual inspection independently by two people.
Departures from Hardy-Weinberg equilibrium (HWE) among loci and within populations and linkage disequilibrium (LD) among loci as well as the coefficient of inbreeding (F IS ) and expected heterozygosity (H e ) per population were estimated using GENEPOP 4.0 (Rousset, 2008) . All pair-wise estimates were corrected using Bonferroni corrections (Rice, 1989) . To ensure that the microsatellite loci followed neutral expectations for the estimates of strays and contemporary gene flow, we tested for outlier loci (at the 99% confidence limit) in LOSITAN (Antao et al., 2008) using the ''Neutral mean F ST '' and ''Force mean F ST '' options and a false discovery rate (FDR) of 0.1. The loci Sco215 and Sco218 were removed from the subsequent analysis as Sco215 was indicated as a potential outlier and Sco218 was consistently and significantly linked with Sco204. Hence all subsequent estimates are based on 11 microsatellite loci. The mean allelic richness (N AR ) per river system were estimated in HP-RARE 1.0 (Kalinowski, 2005) , using the smallest sample size (40 genes) for rarefaction. Summary statistics for each locus per population were estimated in GenAlEx 6.5 (Peakall & Smouse, 2012 .
GENECLASS version 2.0 (Piry et al., 2004 ) was used to estimate the number of first-generation migrants (strays) among different locations via the algorithms of Paetkau et al. (2004) and Rannala & Mountain (1997) . Genetic assignment methods allow assigning or excluding populations as possible origins of individuals using multilocus genotypes (Piry et al., 2004) . The Bayesian criterion of Rannala & Mountain (1997) and the criterion of Paetkau et al. (1995) were used with 1,000 simulated individuals to compute the probability density of allele frequencies in each population. The allele frequency-based genetic assignment method of Paetkau et al. (1995) was used to obtain genetic likelihood estimations among the different populations and to detect first-generation migrants (alpha \ 0.05). The likelihood computation (L) for this data, was estimated using the following equation:
where L home is the likelihood of drawing an individuaĺs genotype from the population in which it was sampled given the observed set of allele frequencies and L max is the maximum likelihood observed for this genotype in any population .
BAYESASS version 1.3 (Wilson & Rannala, 2003 ) was used to estimate the amount of contemporary gene flow among charr rivers using multilocus genotypes. Multiple runs were conducted with different delta values (e.g. 5, 10, 20,…) for allele frequency (P) and migration rate (m). Delta values define the maximum amount a parameter can be changed in each iteration and should be lower than approximately 35 (Wilson & Rannala, 2003) . The delta value that provided the best results herein was 9. Moreover, multiple runs with different random seeds were made to obtain an accurate parameter value (49,500). Those runs were used to check whether the final parameter values (allele frequency (P) and migration rate (m)) fell within the acceptance limits of 40-60% of the total number of iterations (300,000).
Mantel tests, as implemented in GenAlEx 6.5 (Peakall & Smouse, 2012) were used to address whether first-generation migrants (straying) and contemporary gene flow was dependent of the geographical distance (measured as shortest swimming distance) between river systems. The significance was tested using 999 permutations.
Genetic differentiation among the sample locations was inferred via F ST estimated in ARLEQUIN 3.5 (Excoffier & Lischer, 2010) using 10,000 permutations to obtain significance. To test for isolation by distance (IBD) the pair-wise F ST 's (F ST /1 -F ST ) were correlated with geographical distance (measured as shortest swimming distance) between river systems and tested for significance (999 permutations) using a Mantel test as implemented in GenAlEx 6.5 (Peakall & Smouse, 2012) . To infer the population structure among the sample locations the most likely number of genetic clusters (K) in the dataset was estimated using the Bayesian clustering algorithm implemented in STRUCTURE 2.3 (Pritchard et al., 2000; Hubisz et al., 2009 ). The most likely K for the dataset was identified as the highest mean log likelihood value (ln Pr(V|J)). We analysed the data over 10 independent runs for each value of K with 20,000 burn-ins and 50,000 Markov Chain Monte Carlo repetitions using a model that assumed admixture and correlated allele frequencies among K population clusters. In addition, we repeated the analyses employing the LOCPRIOR model extension to infer the importance of sample locations on the observed population structure. The LOCPRIOR model extension produces a derived parameter, r, that at values \1 suggests that the sample locations are important for the population structure inferred by STRUCTURE (Hubisz et al., 2009) .
Results
Summary statistics for the 11 microsatellite loci are listed in Appendix 1 Supplementary Material. Departures from HWE were observed for 7 out of 88 loci after correcting for multiple tests and were not related to specific loci (Appendix 1 Supplementary Material). Sixteen out of 440 (3.6%) pair-wise loci comparisons were significant for LD after correcting for multiple tests and is less than expected by chance. Deviations from the HWE were observed for four out of the eight river systems (Table 1) and were related to homozygote excess as revealed by the positive F IS values from 0.026 to 0.128. The number of alleles per locus ranged from 3 in SalF56SFU to 22 in Sco220 (Appendix 1 Supplementary Material), and the mean allelic richness per river system ranged from 6.7 ± 2.1 (Lak) to 10.1 ± 3.9 (Oks) ( Table 1 ). The expected heterozygosity varied from 0.707 in Lak to 0.817 in Ris (Table 1) .
The detection of first-generation migrants (strays) suggested at least one migrant moving unidirectionally from one location to another, over all pairs of river systems, except for Tro (reference system) and the southern Lei where no migrants were detected (Fig. 1A , Appendix 2 Supplementary Material). A total of 13 strays were detected between all the other river systems. Unidirectional straying of one migrant appeared among the following river systems: from Ris to Rin, from Oks to Lak, from Lak to Ris, from Rin to Lak, from Lak to Bog, and in both directions between Oks and Vas. Two strays were detected from Oks to Ris, from Oks to Rin, and from Lak to Rin.
Significant contemporary gene flow was only observed between a few of the river systems (Fig. 1B , Appendix 3 Supplementary Material) with the highest level of contemporary gene flow (0.306 ± 0.0158) from Rin to Lak. The contemporary gene flow was also high (0.232 ± 0.042) from Oks to Ris (Fig. 1B , Appendix 3 Supplementary Material). However, significant contemporary gene flow was not observed in the reverse direction for these pair-wise comparisons. Even though several of the river systems are geographically close, significant contemporary gene flow was not observed or was negligible between any other pairs of river systems.
The major proportion of first-generation migrants leading to contemporary gene flow was observed within 200 km of native rivers, although first-generation migrants and contemporary gene flow were observed over a distance up to 368 km (Fig. 1) . The Mantel tests suggest that the proportion of strays (Fig. 3A) and contemporary gene flow (Fig. 3B ) were negatively correlated with geographical distance. However, none of these tests were significant (migrants, P = 0.100; contemporary gene flow, P = 0.246). The Mantel test for IBD revealed that the genetic differentiation among rivers were negatively and not significantly (P = 0.229) related to geographical distance (Fig. 4) .
The pair-wise F ST estimates for the eight sample locations were all highly significant (P ( 0.001) and varied between 0.050 (Oks vs. Ris) and 0.207 (Tro vs. Lak) ( Table 3 ). The most likely number of populations among the eight river systems was estimated as K = 9 (ln Pr(J)) = -14,645.3 ± 2.7 (mean ± SD), Appendix 4 Supplementary Material). The same number (K = 9) of likely populations was obtained when using the LOCPRIOR model (ln Pr(K) = -14,631.4 ± 7.1 (mean ± SD), Appendix 4 Supplementary Material). For K = 9, the parameter r (mean r = 0.36 ± 0.07 (SD)) revealed that the sampling locations are informative for the observed structure. This was also revealed by the structuring of individuals, where each of the eight river systems formed separate clusters (Appendix 5 Supplementary Material). Two clusters were present in Oks (indicated as the dark purple and Hydrobiologia (2016) 783:269-281 275 green clusters in Appendix 5 Supplementary Material) and individuals belonging to the green cluster were also present in Rin, Lak, Vas, and Ris. Additionally, genomic signatures of recent introgression (F1/F2 hybrids and backcrosses) by the green cluster was also observed in Tro, Lak, and Ris and between the green x ? 0.0081) with geographical distance (measured as shortest swimming distance in km), respectively Fig. 4 Analysis of isolation by distance among the eight Arctic charr river systems of the study. A Mantel test was used to estimate whether the correlation of F ST /1 -F ST and the shortest swimming distance between the river systems was significant. The correlation (y = -4E-05x ? 0.1763, R 2 = 0.0566) was not significant (P = 0.299) cluster and the dark purple cluster of Oks. Hence, the STRUCTURE analyses collectively support the proportions of first-generation migrants and levels of contemporary gene flow.
Discussion
Generally, anadromous salmonids, such as Atlantic and Pacific salmon, may perform long-distance migrations of thousands of kilometres from their natal stream to ocean-feeding areas, thereby using several years in the marine habitat (Tallman & Healey, 1994; Hendry et al., 2004) . In contrast, anadromous Arctic charr undertake very short-lasting seaward migrations, of usually only four to 8 weeks. During this period, notable straying in anadromous Arctic charr has been reported, where migrants have been found in rivers hundreds of kilometres from their river of origin (Jensen & Berg, 1977; Gyselman, 1984; Johnson, 1989; Klemetsen et al., 2003; Moore et al., 2013) .
The genetic results herein strongly support this migration pattern, as strays were observed in six out of eight river systems, i.e. fish from four river systems were found in six other streams. Strays mainly appeared to be unidirectional suggesting that not all river systems may be attractive for all populations. Still, the unidirectional strays were caught from 90 to 478 km from their river of origin, confirming that anadromous Arctic charr may undertake long migrations in the sea, and that straying behaviour may be more pronounced in Arctic charr than in most other salmonids (Hendry et al., 2004; Jensen & Rikardsen, 2012) . Moore et al. (2013) and Jensen & Berg (1977) reported straying distances of nearly 400 and 1,000 km, respectively. Although the recapture rates varied among sampling localities and years in these two studies, and the number of recoveries were not weighed accordingly, the results correspond strongly to our study, i.e. that anadromous Arctic charr can migrate long distances during their relatively short sea residence and may visit not only neighbouring river systems, but also watersheds far away from their natal streams. Our study also revealed bi-directional migrations between Rin and Lak and Oks and Vas. The geographical distance from Rin to Lak and from Oks to Vas is only 68 and 108 km, respectively, suggesting that bi-directional gene flow seem to be more frequent in neighbouring river systems.
Arctic charr belonging to Tro were not detected in any of the other systems. This corresponds to the thorough study by Kristoffersen et al. (1994) , who suggested that residency was the only life strategy of Arctic charr in the river system. Likewise, no strays were captured within Tro (this study), although the river system is easily accessible for ascending salmonids and has a healthy population of sea trout . Tromvikvatn (Tro) is a relatively deep lake and the dense population of brown trout seems to restrict the Arctic charr to the profundal zone, perhaps explaining the lack of anadromy in the Arctic charr there (Kristoffersen, 1994; Kristoffersen et al., 1994) . We observed no straying between Lei and the other seven systems. Lei was, however, the southernmost watershed situated more than 400 km from the nearest river system, Bog, and more than 1,000 km from the northernmost river system, Ris. Notwithstanding this, the number of anadromous Arctic charr in Lei have decreased strongly in the last 10 years (Svenning et al., 2013) and this may explain the lack of Lei migrants in other systems.
Although straying behaviour is rather common in anadromous Arctic charr, they may visit single or multiple non-native rivers as non-breeding fish in years before returning to their native river for spawning (Moore et al., 2013) . Thus, a relatively high frequency of strays does not necessarily signify that they have been reproductively successful, resulting in gene flow into other established populations. As we expected, the river systems that are the nearest neighbours (Rin and Lak, Tro excluded) also displayed the highest proportion of significant contemporary gene flow (Rin to Lak, 0.306 ± 0.0158). The contemporary gene flow between these two river systems were also supported in the STRUCTURE analyses, suggesting that gene flow occurs regularly between these river systems. In the studies of Kristoffersen et al. (1994) , Rin and Lak were given the highest and the third highest anadromy score, respectively, among the 15 studied lake systems with Arctic charr in Troms County, northern Norway. Together with our results, this suggests that Arctic charr from these river systems are more likely to adopt an anadromous behaviour and that anadromy may lead to gene flow between neighbouring river systems. However, we also observed significant contemporary gene flow from Oks to Ris (0.232 ± 0.042) and genomic introgression in both directions, despite the shortest swimming distance being more than 365 km. Hendry et al. (2004) found a negative correlation between straying and gene flow with geographic distance. Thus, the significant contemporary gene flow from Oks to Ris provides a somewhat unexpected result as one would expect gene flow to be more pronounced between neighbour river systems. Interestingly, only unidirectional contemporary gene flow was observed from Oks to Ris. Hendry et al. (2004) suggested that in cases where native populations displayed poor fitness or were inbred, strays may be more attractive (more fit) for the native charr, which may lead to breeding. This has also been suggested for resident charr (Newman & Tallmon, 2001) . Thus, future studies of Norwegian anadromous charr should focus on whether strays mate with resident or anadromous individuals in non-native rivers and also address whether fitness (for example hatching success of admixed individuals) increases via admixture of resident and straying individuals. Hence, we cannot provide any clear conclusion about the role of swimming distance for straying and gene flow, but it appears that gene flow was substantially lower than the rate of straying, which, in part, supports the second hypothesis of our study.
Not much is known about the role of habitat similarity among charr rivers in determining straying and gene flow. For example, straying Arctic charr may visit several river systems, but reproduction may only occur if the visited river system provides similar ''beneficial'' habitats as their native river. Straying was observed in both directions between Rin and Lak, whereas contemporary gene flow was observed only from Rin to Lak. Hence, our results may indicate that Rin provides less optimal habitat conditions (e.g. warmer and more turbid) than Lak. Apart from habitat conditions, body size is also an important determinant for migration and is known to be an important component in assortative mating (Dodson et al., 2013) . Thus, larger fish may have a larger potential to disperse and be more attractive for the visited populations. However, in the case of Rin and Lak, Arctic charr of these two rivers display similar body size distributions (Svenning et al., 2013) , suggesting that factors other than body size are important for the results in the present study. Interestingly, the anadromous Arctic charr within the Oks river system were shown to be composed of two well-differentiated genetic clusters (the dark purple and green clusters, Appendix 5 Supplementary Material). Additionally, the genomic signature of the green cluster was also identified in four other neighbouring river systems, with varying introgression rates, making this cluster the most dispersed of all nine clusters identified. The occurrence of several anadromous Arctic charr populations within the same river system is not that surprising as observations in other salmonids have shown fine-scaled within-river genetic structuring driven by habitat preferences and divergent life histories (e.g. Vähä et al., 2007; Dionne et al., 2009) . However, the fact that one of the two sympatric populations in Oks may have a higher dispersal rate and are more likely to interbreed in non-native river systems is an interesting observation, as it suggest that sympatric anadromous Arctic charr populations may have differentiated adaptive responses to changing environments. This further suggests, that anadromous Arctic charr will respond differently to reproductive barriers that have evolved within each river system, where some populations would be more prone to introgression than others. If some populations of anadromous Arctic charr (such as the green cluster) benefit from changes in the environment, rapid changes in the stability of local gene pools would not be unlikely. Collectively, these observations suggest that the environmental and biological mechanisms that drive the genetic structuring among Arctic charr in northern Norway may be more complicated than previously believed.
Local adaptation to native rivers in Arctic charr may depend on the degree of reproductive isolation among the populations. In concordance with our results, Dionne et al. (2008) suggested that straying may result in gene flow and that gene flow among populations may reduce the potential for local adaptation. The results herein revealed that each river system represented distinct clusters and that each river system provided support for the observed structuring (STRUCTURE and IBD). The genetic divergence between the populations was also considerable as the pair-wise F ST 's displayed values in the range of 0.050 to 0.207. Additionally, the estimates of first-generation migrants and contemporary gene flow revealed that straying rarely leads to interbreeding between the strays and anadromous Arctic charr native to the visited river. Moore et al. (2013) used a population genetic model to evaluate the potential for local adaptation in 10 anadromous populations of Arctic charr in Canada and suggested that the gene flow among these populations was sufficiently low to allow for reproductive isolation driven by local adaptation. Although our results do not permit us to specifically address whether local adaptation drives reproductive isolation among the Arctic charr in northern Norway, the results collectively suggest that considerable barriers against gene flow have evolved in these river systems. For example, Vas did receive migrants (from Oks) but no significant contemporary gene flow was detected. Vassdalsvatn is a deep lake, with relatively high water temperature during winter, resulting in Arctic charr spawning one to 2 months later in Vassdalsvatn than in many neighbouring lakes. As Arctic charr is known to be a cold water-adapted species (Svenning et al., 2007; , the Vas river system may represent a unique habitat that requires specific local adaptation towards elevated water temperatures in order for the Arctic charr to successfully reproduce. Hence, more work is needed to elucidate whether local adaptation drives reproductive isolation in Arctic charr in northern Norway and to illuminate how Arctic charr respond to environmental forcing.
In conclusion, the present study supports previous studies, indicating that charr frequently stray among watercourses, especially among those in close geographical proximity. Moreover, not all migrations lead to gene flow, which, together with the identification of nine genetic clusters, suggests that Arctic charr in northern Norway have evolved considerable reproductive barriers. These reproductive barriers may be based on local adaptation to the environment of the native watercourses. Thus, we suggest that future studies should focus on elucidating the role of local adaptation to specific habitat conditions for structuring anadromous Arctic charr populations in northern Norway. It should also be emphasized that the frequent straying of anadromous Arctic charr observed in this study indicates that this species may have the potential to spread diseases and parasites between river systems.
